We demonstrate optical transmission results of highly nonlinear As 2 Se 3 optical microwires cladded with fluorine-based CYTOP, and compare them with microwires cladded with typical hydrogen-based polymers. In the linear optics regime, the CYTOP-cladded microwire transmits light in the spectral range from 1.3 μm up to >2.5 μm without trace of absorption peaks such as those observed using hydrogen-based polymer claddings. The microwire is also pumped in the nonlinear optics regime, showing multiple-orders of fourwave mixing and supercontinuum generation spanning from 1.0 μm to >4.3 μm. We conclude that with such a broadband transparency and high nonlinearity, the As 2 Se 3 -CYTOP microwire is an appealing solution for nonlinear optical processing in the mid-infrared.
Introduction
The mid-infrared (MIR) range (2-12 μm) of the optical spectrum is intimately associated with vibrational motion in molecules, enabling many applications related to spectroscopy and chemical sensing [1] [2] [3] . Among the approaches utilized to generate MIR light, light sources that depend on nonlinear parametric gain, such as parametric oscillators and supercontinuum (SC) sources raise a great deal of interest due to their broadband operation [4] [5] [6] . Parametric processes in a MIR optical source are supported given that the gain medium possesses a sufficiently large nonlinearity coefficient, a good transparency in the MIR, and allows the access to a group velocity dispersion that is close to zero at the pump wavelength.
Chalcogenide (ChG) glasses are such materials compatible with the MIR, covering the spectral range of 1-12 μm for As 2 Se 3 and the range of 1-8 μm for As 2 S 3 [7] . ChG glasses are also highly nonlinear media given their intrinsic nonlinear refractive index (n 2 ) up to three orders of magnitude larger than the n 2 of silica glass [8] . Nonlinear effects can also be enhanced from a high-confinement waveguide geometry such as the fiber microwire and the photonic crystal fiber [9, 10] .
Resulting from the combination of ChG glass and a high-confinement waveguide geometry, ChG microwires are promising components for the fabrication of MIR light sources from parametric processes [11] . With waist diameters at sub-wavelength scale, ChG microwires must be coated to provide mechanical strength and optical insensitivity to environment [12, 13] .
Hydrogen-based polymers, including PolyMethyl MethAcrylate (PMMA), PolyCarbonate (PC) and Cyclo Olefin Polymer (COP), were successfully used as cladding materials for As 2 Se 3 microwires [14] . However, the transmission loss of hydrogen-based polymers increases abruptly at wavelengths beyond 1.65 μm, thereby limiting their use. This absorption is caused by molecular resonances at fundamental and overtone transitions of carbonhydrogen (C-H) bonds [15] . A material free from C-H bonds is thus desirable to avoid the absorption peaks of hydrogen-based polymers and enables optical transmission at wavelengths beyond 1.65 μm and further into the MIR. An alternative to C-H based polymer is the use of another MIR-transparent ChG glass such as As 2 S 3 [16] . Unfortunately, the combination of As 2 Se 3 core with an As 2 S 3 cladding (or any known ChG-ChG combination) provides a refractive index contrast that is too low to bring the zero dispersion wavelength of a microwire below 3.7 μm, imposing a normal dispersion to all wavelengths <3.7 μm. As a result, parametric amplification with such compositions cannot be generated from a pump wavelength ≤3.7 μm.
In this letter, we use fluorine-based CYTOP as a cladding material for As 2 Se 3 microwires and demonstrate that CYTOP enables excellent transmission and nonlinear functionalities of the microwire at wavelengths of 1.5 μm up to >4.3 μm. Not only transmission losses remain low in this wavelength range but also the group-velocity dispersion at these wavelengths can be engineered as normal, anomalous or zero value. We use the high nonlinearity of the CYTOP-cladded microwire to demonstrate multiple orders of four-wave mixing (FWM) and SC generation. The transparency of CYTOP-cladded microwire is also compared to those of COP-and PMMA-cladded microwires.
The polymer cladding
Fluorine-based CYTOP (Asahi Glass) is a polymer composed of carbon-fluorine (C-F), carbon-carbon (C-C), and carbon-oxygen (C-O) bonds [17] . This differs from widespread hydrogen-based polymers such as COP and PMMA which possess C-H bonds, in addition to C-C and C-O bonds. The transparency in the short MIR wavelengths of a fluorine based polymer versus a hydrogen based polymer is influenced by the presence of C-F bonds rather than C-H bonds. Vibrational wavelengths of a C-F bond are 8.0 μm (1st order) and 4.0 μm (2nd order) whereas the vibrational wavelengths of a C-H bond are 3.4 μm (1st order) and 1.7 μm (2nd order). The vibrational wavelengths of C-C and C-O bonds occur at 8.9 μm (1st order) and 9.1 μm (1st order), respectively, and thus the lowest vibrational wavelength is determined by the presence of C-F or C-H bonds. The fluorine-based polymers thus have absorption peaks at longer wavelengths with respect to the hydrogen-based polymers. Another advantageous property of CYTOP is the low refractive index of 1.33 (at = 1.55 μm), leading to a high refractive index contrast when used to clad an As 2 Se 3 core. This large refractive index contrast provides flexibility in adjusting the zero dispersion wavelength from the zero dispersion wavelength of bulk As 2 Se 3 (~7 μm) down to the ~1 μm.
The fabrication of optical microwires with ChG core and polymer cladding requires the fulfilling of a few compatibility criterion. First, the polymer cladding must be transparent at the optical wavelengths to be transmitted. Second, the refractive index of the polymer cladding should be as low as possible to ensure a large confinement factor and strong waveguide nonlinearity. Third, the glass transition temperature (T g ) and the temperaturedependent viscosity values should be as close as possible to facilitate mechanical compatibility [14] . Table 1 presents glass transition temperature, refractive index and viscosity of As 2 Se 3 , CYTOP and PMMA. CYTOP is a good material to clad As 2 Se 3 -based microwires because it provides a significantly improved optical transmission in the MIR wavelengths with respect to hydrogen-based polymers. It also has a lower refractive index than ChG glasses and hydrogen-based polymers, leading to higher refractive index contrast, as well as it is being mechanically compatible with As 2 Se 3 as required for the microwire fabrication.
Design
The core diameter and core/cladding composition determine the optical parameters of the microwires: Group-velocity dispersion parameter 2 , waveguide nonlinearity parameter , effective mode area A eff , and confinement factor = P core /P total , where P core is the modal power enclosed within the core and P total is the total modal power. Those parameters are evaluated from solving the characteristic equation of a cylindrical waveguide with high refractive index contrast and derived from the effective refractive index n eff , the propagation constant , and the electric and magnetic fields distribution E and H of the fundamental HE 11 mode [4] . The waveguide's characteristic equation is solved for a two-layer fiber structure, i.e. As 2 Se 3 core, CYTOP cladding, as the PMMA coating carries a negligible amount of evanescent power [22] . Figure 1 presents 2 , , and A eff of CYTOP-cladded As 2 Se 3 microwires as a function of core diameter in the 1.5-4.5 m wavelength range. The CYTOP-cladded microwire has two zero dispersion wavelengths (ZDW) for a given microwire core diameter, defined ZDW 1 and ZDW 2 in order of increasing wavelength. In a practical design, ZDW 1 is generally most useful to increase the gain bandwidth of parametric processes because the dispersion profile around ZDW 1 is flatter than that around ZDW 2 . As well, ZDW 1 provides a larger than ZDW 2 in the wavelength range and microwire core diameter of interest. As shown in Fig.  1(c) , the mode confinement decreases with increasing wavelengths for a given core diameter, corresponding to an expansion of the guided mode. As shown in Fig. 1(d) , this results into an increase of A eff and thus more of the mode's evanescent wave propagating into the CYTOP cladding. The attenuation coefficient total arising from light transmission in the microwire is given by total = AsSe × + polymer × (1-), where AsSe is the attenuation coefficient of As 2 Se 3 , and polymer is the attenuation coefficient of the polymer. The impact of an absorbing cladding is thus reduced when operating the microwire at ZDW 1 rather than at ZDW 2 . 
Microwire fabrication
The CYTOP-cladded As 2 Se 3 microwire is fabricated in four steps: Extrusion assembly, preform fabrication, fiber fabrication and microwire fabrication. Figure 2 illustrates the fabrication steps of the fiber. Figure 2(a) shows a schematic of the rod-in-tube method used to make the preform [23] . An As 2 Se 3 rod is placed in a CYTOP tube, then the assembly is placed in a PMMA tube. It is part of our fabrication process to systematically cover preforms of various nature with PMMA to fine-tune the fiber geometry. The As 2 Se 3 rod, CYTOP and PMMA tubes are dried in a vacuum oven prior to the preform fabrication process. Figure 2(b) shows a schematic of the CYTOP-cladded preform fabrication setup, and a photograph of extruded preform. The assembly is fed through an aluminium funnel. Under heat and pressure, the PMMA tube and CYTOP tube shrink and fuse with the As 2 Se 3 rod. The multimaterial composite flows out of the funnel and is pulled at a constant velocity to obtain a uniform preform. Next, the fiber is made by feeding the preform into a drawing funnel heated at controlled temperature. The softened preform is pulled into a fiber with predefined As 2 Se 3 core diameter φ AsSe , to achieve a maximum coupling efficiency with e.g. SMF-28 fiber. The microwire is fabricated from a sample of fiber tapered using a heat brush method [24] , then transferred to a butt-coupling setup. The input end of the microtaper is aligned and connected to SMF-28 fiber using UV-cured epoxy. Figure 3(a) shows the schematic of a microtaper subdivided into fiber, transition and microwire sections. Figure 3(b) is the photograph of a microtaper with wire section length of 5 cm. 
Results and discussion
The transmission loss spectrum of As 2 Se 3 microwires cladded with CYTOP is investigated experimentally. For the purpose of referencing, the transmittance of microwires cladded with hydrogen-based polymers that are COP 1020R and PMMA is also performed [14] . All microwires studied have a length of 5 cm and modal confinement factor = 99%. This value of confinement factor is typical for nonlinear parametric processes because it leads to advantageous levels of group-velocity dispersion parameters ( 2 and 4 ) while still leading to observable absorption characteristics of the cladding material. To result into = 99%, the core diameters of CYTOP-, COP-and PMMA-cladded microwires are adjusted to φ CYTOP = 1.35 μm, φ COP = 1.48 μm and φ PMMA = 1.46 μm. The optical transmission loss of the microwires is measured at wavelengths in between 1.3 μm and 2.5 μm using a silica-based SC source and an optical spectrum analyzer at either side of the device under test. Figure 4 (a) shows the transmission loss of CYTOP-, COP-and PMMA-cladded As 2 Se 3 microwires. The microwire with CYTOP cladding is transparent to light at wavelengths up to >2.5 μm, limited by the spectral range of the spectrum analyzer, without trace of absorption peaks from 1.3 μm to 2.5 μm. Throughout this wavelength range, the transmission loss is stable between 0.11 dB/cm and 0.22 dB/cm. The main source of this uniform loss is the As 2 Se 3 glass purity, which lies close to the state of the art purity available. In contrast, the COP-cladded microwire reaches a transmission loss of 3 dB at 2.13 μm with traces of two absorption peaks at ~1.72 μm and ~1.76 μm due to the second order vibrational transition of C-H bonds. The transmission loss remains between 0.22 dB/cm and 0.83 dB/cm in the 1.30-2.25 μm range. Finally, the PMMA-cladded microwire reaches a transmission loss of 3 dB at a wavelength of 2.10 μm with traces of an absorption peak at ~1.65 μm due to the second order vibrational transition of C-H bonds. The transmission loss remains between 0.30 dB/cm and 0.83 dB/cm from 1.30 μm to 2.20 μm. The transmission loss of the CYTOP-cladded microwire is therefore substantially decreased with respect to COP-and PMMA-cladded microwires, especially at wavelengths in excess of 1.65 μm. Figure 4(b) shows spectra collected at the output of the microwire. As the coupled pump peak (average) power is increased up to 13.3 W (1.4 mW), side lobes of increasing power are observed along with spectral broadening of the pump signal. The nonlinear processes observed include self-phase modulation of the pump, but also Raman enhanced FWM [4] ; itself mixing with the pump to provide several orders of degenerate FWM.
SC generation in a CYTOP-cladded As 2 Se 3 microwire is also investigated. The design includes a microwire with a length of L w = 10 cm and φ = 1.55 μm, leading to 2 = −0.04 . The butt-coupling loss from SMF-28 fiber to the hybrid fiber is 1.1 dB, including 0.5 dB of Fresnel reflection loss at the fiber's interface, and the rest due to mode-mismatch losses. Pump pulses centered at 1.94 μm with a duration of 3.0 ps are launched into the microwire and analyzed using a Fourier Transform Infrared Spectrometer (FTIR). As pump pulses are launched into the microwire, modulation instability triggers the SC generation, breaking the input picosecond pulses into femtosecond sub-pulses, followed by soliton dynamics [25] . Figure 5 (a) shows experimentally measured spectra as a function of the coupled pump power up to 1044 W (100 mW) in peak (average) power. A SC is generated, spanning from 1.0 μm to 4.3 μm at −30 dB relative to the peak value. A dip within the SC spectrum in the 2.5-3.0 μm spectral range could be caused by low pressure water vapour inside the FTIR [26] . The limited extent of the SC at wavelengths beyond 4.3 m is expected to be caused by absorption from the second order vibrational overtone of the C-F bond in CYTOP. Take note that the microwire length of 10 cm was chosen to emphasize the absorption features in the microwire and that a microwire of a few millimeters would provide sufficient nonlinearity and dispersion for SC generation with a reduced absorption signature by the cladding [27] .
At last, SC generation is compared for CYTOP-and COP-cladded microwires with core diameters of 1.55 m and 1.59 m, respectively. Those core diameters were chosen as they both lead to 2 = −0.04 ps 2 /m at the pump wavelength of 1.94 m. Both microwires are 10 cm long and pumped at 1044 W (100 mW) in peak (average) power. Figure 5(b) shows the resulting SC spectra. The SC spectrum of COP-cladded microwire is limited to 2.3 m due to the strong absorption features of this hydrogen-based polymer, as observed in Fig. 4(a) [28] . 
Conclusion
We have shown that CYTOP preserves the linear and nonlinear functionalities of As 2 Se 3 microwires at wavelengths from 1.3 μm up to >4.3 μm. The CYTOP cladding significantly improves the transmission bandwidth with respect to hydrogen-based polymer claddings, especially at wavelengths above 1.65 μm. The CYTOP-cladded microwire has an engineerable group-velocity dispersion in the 1-7 μm wavelength range, enabling anomalous, normal, or zero dispersion. For the SC generation demonstrations, the microwire length of 10 cm was chosen to emphasize the absorption features in the microwire. In practice, a microwire design of a few millimeters would provide sufficient nonlinearity and dispersion for SC generation with a reduced absorption signature by the cladding.
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